Allelic replacement mutants were constructed within arginine deiminase (arcA1 and arcA2) to assess the function of the arginine deiminase (ADI) pathway in organic acid resistance and biofilm formation of Staphylococcus epidermidis 1457. A growth-dependent acidification assay (pH ϳ5.0 to ϳ5.2) determined that strain 1457 devoid of arginine deiminase activity (1457 ⌬ADI) was significantly less viable than the wild type following depletion of glucose and in the presence of arginine. However, no difference in viability was noted for individual 1457 ⌬arcA1 (native) or ⌬arcA2 (arginine catabolic mobile element [ACME]-derived) mutants, suggesting that the native and ACME-derived ADIs are compensatory in S. epidermidis. Furthermore, flow cytometry and electron paramagnetic resonance spectroscopy results suggested that organic acid stress resulted in oxidative stress that could be partially rescued by the iron chelator dipyridyl. Collectively, these results suggest that formation of hydroxyl radicals is partially responsible for cell death via organic acid stress and that ADI-derived ammonia functions to counteract this acid stress. Finally, static biofilm assays determined that viability, ammonia synthesis, and pH were reduced in strain 1457 ⌬ADI following 120 h of growth in comparison to strain 1457 and the arcA1 and arcA2 single mutants. It is hypothesized that ammonia synthesis via the ADI pathway is important to reduce pH stress in specific microniches that contain high concentrations of organic acids.
S
taphylococcus epidermidis is the most significant cause of biomaterial-related infections in the nosocomial environment. In contrast to S. aureus, S. epidermidis does not produce a plethora of virulence factors and typically requires a foreign body to act as a nidus of infection where biofilm can form (1) . S. epidermidis biofilm is a complex mixture of extracellular DNA (eDNA), protein (Aap, Embp), and polysaccharide (PIA) accumulation molecules (2) and functions to augment antibacterial resistance (3) and increase resistance to the innate immune response (4) . In addition, staphylococcal biofilm is fundamentally heterogeneous, displaying multiple oxygen and nutritional gradients and thus creating unique metabolic microenvironments (5, 6) . Therefore, based on the defined oxygen and nutritional gradients in addition to other ill-defined factors, differential gene expression occurs throughout staphylococcal biofilms (7) .
The arginine deiminase (ADI) pathway is highly conserved in bacteria and is composed of three enzymes (ArcA, ArcB, and ArcC), the genes of which are arranged in an operon (arc operon), that catalyze the conversion of arginine to ornithine, ammonia, and carbon dioxide, with the concomitant production of ATP (8) (Fig. 1) . The complete conversion of 1 mole of arginine generates 1 mole of ATP and 2 moles of NH 4 ϩ . The ADI pathway is found across many genera of bacteria, including lactic acid bacteria (9) (10) (11) (12) (13) , Streptococcus spp. (14, 15) , Listeria monocytogenes (16) , Staphylococcus spp. (17) (18) (19) , and Pseudomonas spp. (20) ; arginine can serve as the sole energy source for growth of a variety of bacteria, including the streptococci (21) and Pseudomonas aeruginosa (22) .
Transcription of the arc operon is often arginine dependent via the ArgR family of regulators, including both ArgR and AhrC (23) (24) (25) , and is also subject to carbon catabolite repression (CCR) via CcpA (9, 26) . arc operon expression is also typically induced under anoxic growth conditions (11, 16, 26, 27) and is ArcR dependent in S. aureus (28) . One demonstrated function of the ADI pathway in lactic acid bacteria is pH homeostasis and survival under low-pH conditions, mediated by ammonia synthesis, which can increase both cytoplasmic pH and environmental pH (25, 29) . Several studies have demonstrated that the ADI pathway is required for survival during acid stress and is also linked to the acid tolerance response in lactic acid bacteria (11, 14, 16, 27, (30) (31) (32) .
Increased attention was drawn to the ADI pathway within S. aureus due to the identification of a second copy of the arc operon in the community-associated methicillin-resistant USA300 clone (33) . This second copy of the arc operon is contained within the arginine catabolic mobile element (ACME), a 30.9-kb pathogenicity island also carrying genes encoding several oligopeptide permeases, a spermine/spermidine N-acetyltransferase (speG), and other putative open reading frames. Genomic analyses have revealed diverse ACMEs present throughout S. epidermidis (34) suggesting that S. epidermidis may be the source for the ACME of USA300 (18, 33) . Thurlow and colleagues recently demonstrated that the ACME-encoded ADI pathway and SpeG in S. aureus USA300 coordinate to confer an increased ability to survive and proliferate under acidic growth conditions similar to those found on skin (35) . Thus, due to the high prevalence of the ACMEencoded ADI pathway in S. epidermidis, experiments were designed to assess the function of ADI-derived ammonia in pH ho-meostasis of S. epidermidis to determine its potential function in facilitating growth in acidic microniches such as biofilm.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains, plasmids, and primers used in this study are listed inTables 1 and 2.
Culture media and growth conditions. Staphylococcal strains were grown in tryptic soy broth (TSB; Becton, Dickinson [BD] , Franklin Lakes, NJ) or tryptic soy agar (TSA; BD). Escherichia coli DH5␣ was grown in lysogeny broth (LB) or agar (Becton, Dickinson). Antibiotics were purchased from Sigma (St. Louis, MO.) and used at the following concentrations: ampicillin at 50 g/ml, tetracycline at 10 g/ml, trimethoprim at 10 g/ml, and erythromycin at 10 g/ml for S. epidermidis and S. aureus and 500 g/ml for E. coli. Anaerobic growth studies were performed using a 10:1 flask-to-volume ratio in media supplemented with 1.0 g/liter L-cysteine hydrochloride monohydrate (Sigma), with shaking at 250 rpm at 37°C (to ensure that cells did not settle), in an anaerobic growth chamber (Coy Laboratory Products, Inc., Grass Lakes, MI).
Transcriptional profiling. S. epidermidis 1457 grown under microaerobic growth conditions (5:3 flask-to-volume ratio, 125 rpm, 37°C) in TSB was used to inoculate Stovall flow cells (Stovall, Greensboro, NC).
Flow cell biofilms were grown in TSB at 37°C using plastic convertible flow cells (24 mm by 40 mm by 8 mm) and a flow rate of 0.5 ml/min. RNA was isolated from the biofilm within the flow cells at 24 and 72 h of growth, and the transcriptional profiles were compared. Briefly, RNA was converted to cDNA, biotinylated, and subsequently hybridized to S. epidermidis PMDsepi1a GeneChips (Affymetrix, Santa Clara, CA). PMDsepi1a contains the complete genomes of S. epidermidis ATCC 1228 (36) and RP62a (37) and publicly available S. epidermidis sequences. cDNA samples were isolated from three independent experiments to ensure biological reproducibility. Signal intensity values for each predicted open reading frame and intergenic region were normalized to the median signal intensity value for each GeneChip. Comparisons of signal intensity values of 1457 RNA isolated at 24 h and 1457 RNA isolated at 72 h showing at least a 2-fold difference and the appropriate t test value (P Յ 0.05) were considered significant. Data were normalized and analyzed using GeneSpring 6.2 software (Silicon Genetics, Redwood City, CA). KOBAS 2 was utilized to identify statistically enriched pathways using the S. epidermidis ATCC 12228 genome annotation (38) .
Construction of allelic replacement mutants and complementation vectors. PCR primers for amplification of S. epidermidis 1457 arginine deiminase loci were designed using the genome sequence of S. epidermidis
FIG 1 Schematic of ATP and NH 4
ϩ generation through the arginine deiminase (ADI) pathway. Arginine is transported into the cell through an arginine/ ornithine antiporter (ArcD). Arginine deiminase (ArcA) and ornithine carbamoyltransferase (ArcB) subsequently catalyze the formation of citrulline and carbamoyl phosphate/ornithine, respectively. Carbamate kinase (ArcC) catalyzes the formation of CO 2 , ATP, and NH 4 ϩ from carbamoyl phosphate, whereas ornithine is exported from the cell, facilitating the import of arginine.
ATCC 12228 (GenBank accession no. AE015929) and are listed in Table 2 . pNF137, the 1457 ⌬arcA1 allelic replacement construct, was first created by insertion of a 1,005-bp arcA1 upstream PCR product (using primers 1068 and 1069; Table 2 ) into the BamHI and XbaI sites of pUC19 (39) . Second, a 942-bp arcA1 downstream PCR product was amplified (using primers 1070 and 1071; Table 2 ) and ligated into the SalI and PstI sites of the pUC19 polylinker. tetM, the minocycline resistance cassette (40) , was inserted into the BamHI site following amplification from pJF12 (41) using primers 1638 and 1639. Finally, the temperature-sensitive pE194 derivative pROJ6448 was ligated to the plasmid via the PstI site (42) . pNF142, the 1457 ⌬arcA2 allelic replacement construct, was created by first inserting an 884-bp arcA2 upstream PCR product (using primers 1074 and 1075; Table 2 ) into the BamHI and XbaI sites of pUC19. Second, a 1,017-bp arcA2 downstream PCR product was amplified (using primers 1076 and 1077; Table 2 ) and inserted into the SalI and PstI sites of the pUC19 polylinker. Next, dhfr, the trimethoprim resistance cassette, was amplified from pGO558 (41) using primers 887 and 888 (Table 2) and inserted into the BamHI site. Finally, pROJ6448 was ligated to the plasmid via the PstI site. Throughout, ligation products were transformed into chemically competent E. coli DH5␣ (Invitrogen, Carlsbad, CA). Completed constructs were electroporated into the RN4220 restriction-negative S. aureus strain using previously described protocols (43, 44) . Modified plasmid DNA was isolated using Wizard Plus MidiPrep kits (Promega, Madison, WI) and electroporated into S. epidermidis 1457 (45) . S. epidermidis 1457 isolates containing allelic replacement constructs were grown to mid-exponential phase at 30°C with erythromycin, diluted 1:100 in fresh TSB, and incubated at 45°C (nonpermissive temperature) overnight. The culture was diluted 1:100 again the following day and incubated again at 45°C. The culture was then diluted and plated on TSA, TSA containing minocycline (1457 ⌬arcA1), or TSA containing trimethoprim (1457 ⌬arcA2) and incubated at 45°C. Colonies of 1457 ⌬arcA1 or 1457 ⌬arcA2 that were resistant to minocycline or trimethoprim, respectively, and erythromycin susceptible were selected for further study. Following PCR and Southern blot confirmation of gene disruption, mutant alleles were backcrossed to wild-type (WT) S. epidermidis 1457 using transducing phage 71 as previously described (46) . For complementation analysis, the native arc operon (arcA1B1D1R1) and the acquired arc operon (arcA2D2R2B2C2) were amplified (including their putative native promoters) using primer pair 2009 and 2010 and primer pair 2011 and 2012, respectively (Table 2) . Each was cloned into the SphI and BamHI sites of pCN51 (removing the cadmium-inducible promoter) to produce pNF232 (native arc operon) and pNF233 (ACMEcarried, acquired arc operon). Plasmids were electroporated into and purified from RN4220 and subsequently electroporated into 1457 ⌬ADI as described above.
RNA isolation, Northern analysis, and metabolite quantification. For Northern analysis of biofilm-grown cells, 100 l of S. epidermidis 1457, grown under microaerobic growth conditions overnight, was used to inoculate Stovall flow cells. Flow cell biofilms were grown in TSB at 37°C using plastic convertible flow cells (24 mm by 40 mm by 8 mm) and a flow rate of 0.5 ml/min. RNA was isolated from the biofilm within the flow cells at 24, 48, and 72 h of growth and subjected to Northern analysis. DNA probes for Northern analysis were PCR labeled with digoxigeninlabeled dUTP (Roche, Indianapolis, IN) using primer pair 1129 and 1130 and primer pair 1682 and 1683 for arcA1 and arcA2, respectively ( Table 2) . Flow cell effluent was collected, and glucose, lactic acid, acetic acid, and ammonia were assayed using kits from R-Biopharm, Inc. (Washington, MO). Free-amino-acid analysis was performed by the Protein Structure Core Facility, University of Nebraska Medical Center (UNMC), using a Hitachi L-8800 amino acid analyzer.
Static biofilm assay. Assays measuring the production of biofilm were performed using the methods of Christensen et al. (47) . Briefly, overnight cultures were grown aerobically and used to inoculate 200 l of TSB to a final optical density at 600 nm (OD 600 ) of 0.05 in 96-well flat-bottom polystyrene plates. Plates were incubated statically at 37°C for 8, 12, 16, or 32 h, at which time the cells were washed vigorously, stained with crystal violet, and analyzed using a spectrophotometer at A 595 .
Survival during growth-dependent acidification. Aerobically grown overnight cultures were diluted to an OD 600 of 0.05 in 100 ml of TSB media containing 35 mM glucose and additional 5 mM arginine (final concentration of ϳ7.5 mM, as TSB typically contains ϳ2.5 mM free arginine) in 1-liter baffled flasks. For the duration of the experiment, flasks were shaken at 250 rpm at 37°C. Aliquots were removed at 0, 24, 48, 72, 96, and 120 h after inoculation. At each time point, cultures were measured for cell density at OD 600 , serially diluted and plated onto TSA for enumeration, and centrifuged at 6,000 ϫ g and the supernatant was removed for pH, glucose, acetic acid, ammonia, and amino acid analysis as described above. Experiments using the iron chelator dipyridyl (2, 2=-dipyridyl; Sigma) were performed by adding dipyridyl at a concentration of 200 M at 24 h postinoculation.
Determination of pH i . Intracellular pH (pH i ) was determined by measurement of a pH-sensitive fluorescent compound, carboxyfluorescein diacetate, succinimidyl ester (CFDA SE) (Life Technologies, Grand Island, NY), as described previously (48) . Briefly, 5 ml of culture was removed at the 24-h time point of the growth-dependent acidification assay described above. Cells were collected by centrifugation, and the culture medium was removed. Cells were washed twice in 10 mM phosphate buffer (pH 7.0) and then labeled by incubation with 10 M CFDA SE in phosphate buffer for 15 min at 37°C (48) . Cells were washed once with phosphate buffer, and excess compound was removed during one 15-min incubation at 37°C in phosphate buffer-1 mM glucose. Cells were washed twice in phosphate buffer and resuspended in McIlvaine's citric acid buffer solution at pH 5, 6, and 7. Fluorescence (excitation, 490 nm; emission, 525 nm) was measured using a Tecan Infinite 200 Pro plate reader. Standard curves for both wild-type and mutant strains were determined by permeabilization of labeled cells with 1 g/ml valinomycin and 1 g/ml nigericin.
Long-term static-biofilm survival. Aerobically grown overnight cultures were diluted to an OD 600 of 0.1 in TSB media supplemented with 35 mM glucose and 5 mM arginine, and 2-ml aliquots were transferred into a 24-well plate. Plates were incubated statically at 37°C. Every 24 h, representative wells were scraped and the cells resuspended into the culture media. Cells were dilution plated for enumeration and then centrifuged at 6,000 ϫ g, and the supernatant was analyzed for pH and ammonia content.
Electron paramagnetic resonance (EPR) spectroscopy. Aliquots from the growth-dependent acidification assay were removed at 72 h, centrifuged, and resuspended to an OD 600 of 10 U in 1 ml of KDD buffer (Krebs-HEPES buffer [pH 7.4]; 99 mM NaCl, 4.69 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 25 mM NaHCO 3 , 1.03 mM KH 2 PO 4 , 5.6 mM D-glucose, 20 mM HEPES, 5 M diethyldithiocarbamic acid sodium salt, 25 M deferoxamine). Samples were then incubated for 15 min at room temperature with a 200 M concentration of a cell-permeable reactive oxygen species (ROS)-sensitive spin probe, 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidone (CMH; Noxygen Science Transfer and Diagnostics, Elzach, Germany). Analysis was performed using a Bruker e-scan EPR spectrometer set to a field sweep width of 60.0 G, microwave frequency of 9.75 kHz, microwave power of 21.90 mW, modulation amplitude of 2.37 G, conversion time of 10.24 ms, and time constant of 40.96 ms.
Flow cytometry. Aliquots from the growth-dependent acidification assay were removed at 24 and 72 h and resuspended in phosphate-buffered saline (PBS) buffer to a final concentration of 10 7 cells per ml and stained for 30 min with 5 mM 5-cyano-2,3-ditoyl tetrazolium chloride (CTC) and 15 M 3-(p-hydroxyphenyl)fluorescein (HPF). Stained cells were analyzed by fluorescence-activated cell sorter (FACS) analysis at a flow rate of approximately 1,000 cells/s, and a total of 10,000 events were collected for each sample. Samples were excited at 488 nm, and emission was detected at 530 Ϯ 30 nm (HPF) and 695 Ϯ 40 nm (CTC). FlowJo software was used for raw data analysis.
Nucleotide sequence accession numbers. The sequences of the native arc operon arcA1B1D1R1 determined by draft genome analysis in this study have been deposited in GenBank under accession no. KF707929 and KF707930.
RESULTS
S. epidermidis 1457 contains two complete copies of the arc operon encoding the ADI pathway. Draft genome sequence analysis demonstrated that strain 1457 contained two copies of the arc operon, one native (arcA1B1D1R1; GenBank accession no. KF707929 and KF707930) and one acquired on the ACME (arcA 2D2R2B2C2) (Fig. 2) . Based on the presence of opp3 and arcA2D 2R2B2C2, the ACME of 1457 was considered type I (18) and the argR2 and arcC2 regions had 99% nucleotide identity with the S. aureus USA300 argR2 and arcC2 region (GenBank accession no. CP000255). The native argR1 and arc operon and arcC1 in S. epidermidis 1457 had 99% and 100% nucleotide identity, respectively, to the native argR1 arc operon in S. epidermidis ATCC 12228 (36) . Note that the native arc operon (S. epidermidis ATCC 12228 SE_2218-SE_2214) and arcC1 (S. epidermidis ATCC 12228 SE_0228) are not chromosomally linked as is found with the AC-ME-derived arc operon.
Arginine deiminase contributes to long-term survival under acid conditions. To assess the function of arginine deiminase in acid survival, arcA1 and arcA2 allelic replacement mutants were constructed in S. epidermidis strain 1457 using tetM and dhfr markers, respectively (Fig. 2 ). An arcA1 arcA2 double mutant was subsequently constructed through ⌽71 transduction of the ⌬arcA1 locus to 1457 ⌬arcA2. In contrast to S. aureus (35) , Listeria monocytogenes (16) , and Streptococcus suis (27) , a growth defect of 1457 ⌬arcA1, 1457 ⌬arcA2, or 1457 ⌬arcA1 ⌬arcA2 (here referred to as 1457 ⌬ADI) was not detected in comparison to 1457 in TSB adjusted to pH 4.0, 4.5, 5.0, 5.5, 6.0, or 6.5 with HCl, lactic acid, pyruvic acid, or acetic acid (data not shown). Therefore, based on the previous observations that arginine deiminase transcription (arcA1) is glucose repressed in S. aureus (28) , we hypothesized that the function of arginine deiminase with relation to pH stress would be observed only in acidified media where glucose had been depleted. To this end, strains 1457, 1457 ⌬arcA1, 1457 ⌬arcA2, and 1457 ⌬ADI were grown in TSB supplemented with 35 mM glucose and 5 mM arginine for 5 days under aerobic conditions and sampled daily for viable count, pH, and acetic acid, glucose, and ammonia concentration. Under aerobic growth conditions in TSB containing 14 mM glucose, glucose is catabolized to acetate and excreted into the medium. When glucose is depleted, however, acetate is rapidly extracted from the medium and further catabolized via the tricarboxylic acid (TCA) cycle, generating reducing power and metabolic intermediates (49) . Furthermore, ammonia is subsequently generated via amino acid catabolism that results in a sharp rise in extracellular pH. In contrast, aerobic growth in TSB containing 35 mM glucose results in the accumulation of acetate in the culture medium; however, the acetate is not extracted from the extracellular milieu until approximately 48 h of growth, and the pH of the medium remains low (ϳ4.8 to ϳ5.0) within this time frame (50) . In addition, it was reasoned that TSB supplemented with additional arginine (5 mM) would result in ample substrate for ADI pathway-dependent ammonia production. Therefore, this growth-dependent acidification assay using TSB containing 35 mM glucose and 5 mM arginine was utilized to determine if 1457 ⌬ADI could survive the organic acid stress con- and acquired (arcA2D2R2B2C2) arc operons are shown. arcA1 and arcA2 allelic replacement is also indicated. Note that the arginine-dependent transcriptional regulator, consisting of argR1 and argR2, is an independent transcriptional unit encoded upstream of arcA1 and arcA2.
ditions that are known to develop in this growth medium. It was determined that, by 24 h of growth, the glucose in the medium was depleted (data not shown) and that there was no significant difference in growth yield between the arcA mutants and strain 1457 (Fig. 3A) . However, the growth yield of 1457 ⌬ADI had dropped 2 log 10 by 48 h of growth and ϳ4 log 10 by 120 h (Fig. 3A) . No significant growth differences between strains 1457, 1457 ⌬arcA1, and 1457 ⌬arcA2 were noted after 120 h of growth, suggesting that both ADI operons were active in this assay and were able to compensate for each other (Fig. 3A) . In addition, 1457 ⌬ADI could be complemented by both the native (pNF232) and acquired (pNF233) ADI operon (Fig. 3A) . Furthermore, after 24 h of growth, the pH of the medium dropped from 7.4 to ϳ5.2 in strain 1457 and in the arcA single mutants; however, the pH of the growth medium of 1457 ⌬ADI was ϳ5.0 and remained at that value for 120 h (Fig. 3B) . In contrast, presumably due to extraction of acetate from the growth medium and subsequent ammonia production via amino acid metabolism and arginine deiminase activity, the extracellular pH of 1457 and the arcA single mutants gradually rose from 5.2 to ϳ8.0 after 120 h of growth (Fig. 3B) . Acetate accumulation and extraction from the growth medium were confirmed using 1457 and 1457 ⌬ADI; acetate was gradually depleted from the medium of 1457, whereas the acetate concentration remained at ϳ40 mM in that of 1457 ⌬ADI (Fig. 3C) . Lastly, the ammonia concentration was determined in the growth media of 1457 and 1457 ⌬ADI (Fig. 3D) . By 48 h of growth, the growth medium of 1457 contained ϳ17 mM ammonia whereas the level of ammonia in that of 1457 ⌬ADI was negligible. Note that, by 48 h of growth, acetate had not yet been extracted from the culture medium of 1457 and yet the pH rose from 5.2 to 5.8. Acetate consumption stimulates TCA cycle activity and subsequent amino acid catabolism via NH 3 production. Collectively, these data suggest that ADI-dependent ammonia production before 48 h of growth in this assay protected the cell from the damaging effects of organic acid stress, allowing further extraction and use of available carbon sources, including acetate, in the growth medium.
To directly measure the intracellular pH (pH i ) following organic acid stress, we utilized the pH-dependent, intracellular fluorescent compound CFDA SE (Fig. 4) . Strain 1457 and 1457 ⌬ADI cells were washed after 24 h of growth in TSB containing 35 mM glucose and 5 mM arginine and resuspended into McIlvaine's citric acid buffer solution at pH 5, 6, and 7. Growth was assayed at 24 h instead of 48 h because (i) the glucose concentration had been depleted at 24 h of growth, suggesting that glucose repression of the ADI pathway was not active at this time point, and (ii) the viability of 1457 ⌬ADI had dropped ϳ2 log 10 by 48 h of growth and we did not want to measure the pH i during cell death processes. At a neutral pH of 7.0, there was no difference between the pH i values determined for 1457 and 1457 ⌬ADI; however, a significant difference was noted between the mean pH i values when 1457 and 1457 ⌬ADI were resuspended in buffer at pH 5 and 6 (the mean values for 1457 and 1457 ⌬ADI at pH 5 and 6 were pH i 6.2 and 5.8 and pH i 6.7 and 6.3, respectively) (Fig. 4) . Collectively, these results suggest that 1457 ⌬ADI is unable to maintain a more neutral pH i in the presence of a weak organic acid in the absence of ADI-derived ammonia.
ADI-dependent pH stress mediates oxidative stress. Recent studies of Streptococcus thermophilus found that manganese-containing superoxide dismutase (MnSOD) was required for growth and survival in media acidified to pH 3.5 by lactic acid (51) . Furthermore, chelation of free intracellular soluble iron partially rescued pH-mediated death in an MnSOD mutant, suggesting that lactic acid dissociates protein-iron complexes, facilitating hydroxyl radical formation via Fenton chemistry (51-54). Thus, the following experiments were designed to determine if ADI-dependent pH stress, via acetic acid, mediated oxidative stress in S. epidermidis 1457. Both strains 1457 and 1457 ⌬ADI were grown aerobically in TSB containing 35 mM glucose and 5 mM arginine, and the cells were stained with both CTC and HPF following 24 and 72 h of growth and subjected to FACS analysis. Reduction of CTC into red fluorescent formazan results in the intracellular accumulation of the dye and is an indicator of respiration (55), whereas HPF is a fluorescent reporter used to detect oxygen radicals (hydroxyl, OH ⅐ ) (56) . Consistent with our growth analyses (Fig. 3A) , following 24 h of growth, no significant difference between 1457 and 1457 ⌬ADI was detected using FACS analysis (Fig.  5A and Table 3) ; however, by 72 h of growth, a significant shift occurred where 55% of 1457 ⌬ADI was stained with HPF but only 14.8% of 1457, indicating significant oxidative stress in the former. In addition, consistent with the hypothesis that respiration would be most active in cells following activation of the TCA cycle and acetate catabolism, CTC reduction was primarily detected in 1457 following 72 h of growth. As predicted from the growth analysis (Fig. 3A) , no CTC reduction was detected in 1457 ⌬ADI at 72 h (Fig. 5A) . To confirm that the production of oxygen radicals was dependent upon acidic pH, both 1457 and 1457 ⌬ADI were grown in TSB containing 35 mM glucose and 5 mM arginine that was buffered with 100 mM MOPS [3-(N-morpholino) propanesulfonic acid] to a pH of 7.3. As predicted, the addition of MOPS buffer rescued the oxidative-stress phenotype, further demonstrating that the ammonia produced by ADI functions in pH homeostasis, preventing subsequent intracellular acidification and oxidative stress (Fig. 5A) . Electron paramagnetic resonance spectroscopy was utilized to confirm the oxidative stress observed in 1457 ⌬ADI following growth for 72 h in TSB containing 35 mM glucose and 5 mM arginine (Fig. 5B) ; we detected an approximately 12-fold increase in oxygen radicals from 1457 ⌬ADI compared to 1457. Again as expected, the addition of MOPS buffer to FIG 4 1457 ⌬ADI has a reduced ability to maintain an neutral intracellular pH in an acidic extracellular environment. Strain 1457 or 1457 ⌬ADI was grown in TSB supplemented with 35 mM glucose and 5 mM arginine. After 24 h, aliquots were removed, washed, and labeled with CFDase for measurement of intracellular pH. Labeled cells were incubated in McIlvaine's sodium citrate buffer at pH 5, 6, and 7, and the fluorescence was measured for determination of intracellular pH. Data were analyzed using the Student t test (n ϭ 3; **, significant difference from strain 1457 with P Ͻ 0.05).
the growth medium of 1457 ⌬ADI resulted in a significant decrease of oxygen radicals similar to that seen with 1457 (Fig. 5B) .
Additionally, strains 1457 and 1457 ⌬ADI were grown aerobically for 5 days in TSB containing 35 mM glucose and 5 mM arginine as shown in Fig. 3A . As suggested by the flow cytometry data in Fig. 5A , the addition of MOPS buffer rescued survival of 1457 ⌬ADI, demonstrating that extracellular acidification, resulting in oxidative stress, was partially responsible for cell death of S. epidermidis in this assay (Fig. 5C) . Furthermore, to determine the arginine dependence of this phenotype, 1457 was grown in TSB with no additional arginine supplementation (final free arginine concentration, ϳ2.5 mM). Under these growth conditions, it was determined that without excess arginine for use as a substrate by ADI generating NH 4 ϩ , the growth yield of 1457 dropped ϳ4 log 10 , phenocopying 1457 ⌬ADI (Fig. 5C) .
Finally, the deleterious effects of oxygen radicals revealed via Fenton chemistry (57) are known to be mediated via free intracellular iron (Fe 2ϩ ) (52, 53) . Therefore, we reasoned that the addition of iron chelators should partially protect 1457 ⌬ADI against pH-mediated oxidative stress. Thus, 1457 and 1457 ⌬ADI were grown aerobically in TSB containing 35 mM glucose and 5 mM arginine as shown in Fig. 3A . Following 24 h of growth, the iron chelator dipyridyl (200 m) was added to the culture and cell viability was assessed at 24, 48, 72, 96 , and 120 h (Fig. 6 ). Growth analysis comparing the log 10 -transformed cell populations of treated and untreated cultures indicated that treatment of 1457 ⌬ADI with dipyridyl offered a partial restoration of viability after 120 h. Taken together, these data indicate that arginine catabolism via arginine deiminase protects against cell death by generating NH 4 ϩ , which reduces intracellular pH stress and the subsequent iron-dependent oxidative stress that is partially responsible for cell death. Arginine deiminase is induced as S. epidermidis biofilm matures. As arginine deiminase activity functions to protect the cell against pH-dependent stress, we hypothesized that arginine deiminase activity would be important in protection against acidic microniches in a mature biofilm. Indeed, genes within the arginine deiminase operon are among the few genes consistently upregulated during biofilm growth in multiple S. aureus strains and in S. epidermidis (58) (59) (60) (61) (62) (63) . To identify genes differentially regulated as a S. epidermidis 1457 biofilm matures from 24 to 72 h, total RNAs were isolated from a flow cell biofilm at 24 and 72 h and compared using transcriptional profiling (see Table S1 in the supplemental material). As previously noted in other studies comparing planktonic growth and biofilm growth, genes upregulated as a S. epidermidis biofilm matures include those that function in microaerobic/anaerobic metabolism and respiration, including complex 1 NADH oxidoreductase (snoD) (64), cytochrome d ubiquinol oxidase, fumarate hydratase (fumC), and lactate dehydrogenase (ddh) (65) . KOBAS 2 analysis (see Table S2 ) (38) identified several metabolic pathways that were enriched as a biofilm matured from 24 to 72 h, including pyruvate metabolism, TCA cycle activity, and glycolysis/gluconeogenesis. Also noted were the enrichment of arginine/proline metabolism and, specifically, induction of the arginine deiminase (ADI) operon (S. epidermidis ATCC 12228 SE0103-SE0106) carried within the ACME island (17, 33, 36) . Northern analysis confirmed induction of the ACMEderived arcA2 gene during biofilm maturation, with little expression detected at 24 h compared to 48 and 72 h (Fig. 7A) . Conversely, arcA1 was constitutively expressed from 24 to 72 h and, as predicted by the transcriptional profiling experiments, was not upregulated as the biofilm matured. To further detect and document arginine deiminase activity during biofilm growth, culture supernatant was collected during flow cell biofilm maturation and arginine, ornithine, citrulline, and ammonia concentrations were measured (Fig. 7B) . As predicted from the transcriptional profiling experiments, as arginine was depleted from the media, citrulline and ornithine, both byproducts of arginine deiminase activ- ity, accumulated in the supernatant. In addition, the level of ammonia, which is generated through arginine deiminase activity and is indicative of amino acid catabolism, increased from 24 to 72 h. As previously demonstrated by Zhu and colleagues (66), microaerobic growth conditions within the biofilm led to enhanced organic acid production as glucose was depleted (Fig. 7C ). In contrast to the acetate generated during highly aerobic growth (Fig.  3C) , biofilm growth led to a predominance of lactate (ϳ15 mM following 72 h of growth) compared to 1.1 mM and 0.7 mM formate and acetate, respectively. Combined, these data provide insight into the collective metabolic characteristics of a maturing S. epidermidis biofilm; both the native and acquired ADI pathways are active, and the reduced oxygen tension provides an environment where pyruvate is oxidized to lactate and acetate, which presumably results in acidic microniches within the biofilm.
ADI contributes to long-term biofilm viability. Upon observing that arginine deiminase genes were upregulated during biofilm maturation, we hypothesized that ADI contributes to S. epidermidis biofilm growth and/or maturation. Therefore, static, 24-h biofilm assays were performed in TSB with S. epidermidis strains 1457, 1457 ⌬arcA1, 1457 ⌬arcA2, and 1457 ⌬ADI. However, as previously observed by Zhu and colleagues (66) , no biofilm biomass differences between the wild-type and arcA-deficient strains were observed (data not shown). Therefore, based on our previous observations that 1457 ⌬ADI had decreased viability under conditions of long-term acidic stress, both 1457 and 1457 ⌬ADI biofilms were grown in TSB containing 35 mM glucose and 5 mM arginine in a 24-well microtiter plate (Fig. 8) . It was determined that the pH levels of the medium after 5 days of incubation were approximately 6.0 and 5.35 for 1457 and 1457 ⌬ADI, respectively (Fig. 8A) . In addition, 1457 ⌬ADI biofilms produced significantly less NH 4 ϩ than the WT biofilms (Fig. 8B ) and the viability of the biofilm biomass was reduced 0.5 log 10 (Fig. 8C) . No difference between 1457 and 1457 ⌬arcA1 and 1457 ⌬arcA2 with respect to biofilm viability, pH, or ammonia was observed (data not shown). Importantly, complementation of 1457 ⌬ADI with either pNF232 (native arc operon) or pNF233 (ACME-acquired arc operon) was able to rescue extracellular pH, ammonia synthesis, and viability (Fig. 8) .
DISCUSSION
Levels of resistance to acid stress in Gram-positive bacteria differ (67) and depend on such factors as, among others, the F 1 -F 0 -ATPase (68), glutamate decarboxylase (69), electrogenic transport via lactate-malate antiporters (70) , and production of alkali, including NH 4 ϩ via arginine deiminase (14, 16, 25, 27) . However, although the staphylococci encounter various acidic niches in the human host, including the skin (pH 4.2 to 5.9) (71) or an abscess (pH 6.2 to 7.3) (72), the innate ability of these organisms to thrive in these niches is ill defined. Transcriptional profiling experiments have suggested that S. aureus utilizes multiple defense mechanisms to counteract acid stress, including induction of urease and NADH ϩ dehydrogenases (73, 74) ; however, the importance of these systems in acid resistance has not been experimentally addressed. Importantly, acid stress has been shown to induce an oxidative stress response in S. aureus, including transcriptional induction of superoxide dismutase (sodA), catalase (katA), alkyl hydroperoxide reductase (ahpC/ahpF), and the thioredoxin genes trxA and trxB (73) . In fact, earlier studies showed a direct link between acid stress and oxidative stress, as S. aureus defective in sodA is more susceptible to severe acid stress (75) . Similarly, more recent studies in S. thermophilus found that the cytotoxic effects of both acid stress and oxidative stress were very similar, as acid stress induced generation of oxygen radicals, stimulating Fenton chemistry and subsequent OH ⅐ formation (51) . Furthermore, those investigators found that manganese-dependent superoxide dismutase and, predictably, other antioxidant enzymes protected the cell against the deleterious effects of acid stress via reduction of superoxide radicals.
Synthesis of NH 3 via ADI or urease and subsequent protonation generating NH 4 ϩ , thus increasing the intracellular and extracellular pH, are well documented and are critical for growth and survival of many bacterial species that reside in the low-pH niche of the human oral cavity (67) . However, we are just now beginning to understand the function of many metabolic pathways, including the ADI pathway, in the context of staphylococcal colonization or infection. A few S. aureus strain backgrounds, most prominently USA300 ST8, carry two copies of the ADI pathway where the second copy is located within the ACME island (17) . Unlike other S. aureus strains where the native arc operon is induced under anoxic growth conditions via ArcR (28) , native arc activity is not detected in USA300 strains and the ACME-carried arc operon is constitutively transcribed (35) . It is hypothesized that NH 3 production via the ACME-carried arc operon allows enhanced growth of S. aureus in acidic microenvironments such as Representative wells were scraped, and the cells were resuspended and dilution plated for enumeration. Plasmids pNF232 and pNF233 contain the native (arcA1B1D1R1) and acquired (arcA2D2R2B2C2) ADI operons, respectively. Data were analyzed using the Student t test (n ϭ 3; **, significant difference from strain 1457 with P Ͻ 0.05).
the skin. Indeed, S. aureus USA300 containing the ACME-carried arc operon was more resistant to media acidified to pH 5.0 by lactic acid (35) . Interestingly, excess ornithine produced via the ADI pathway is toxic to staphylococci due to the subsequent generation of polyamines; S. aureus counteracts this ADI-induced toxicity through an ACME-encoded spermine/spermidine acetyltransferase (SpeG) (35, 76) . Therefore, available data suggest that the ACME-carried arc operon functions to enhance skin colonization and thus transfer of S. aureus USA300. Based on this hypothesis, it is not surprising that the majority of USA300 infections are skin and soft tissue based (77) . In contrast to S. aureus, the natural niche of S. epidermidis is the skin; accordingly, approximately 50% of S. epidermidis strains contain the ACME-encoded ADI pathway, suggesting a potential beneficial function in skin colonization (18) .
Given this background information, we were surprised to find that our initial attempts to determine a function of ADI in S. epidermidis acid resistance failed. These growth experiments were performed in acidified (via lactic, acetic, pyruvic, or hydrochloric acid) media with or without glucose and excess arginine; no differences in growth or survival of wild-type 1457 versus ADIdeficient strains were noted. Therefore, we chose to exploit the acidification of media during growth in excess glucose to test for long-term survival. During aerobic growth of S. epidermidis, glucose is preferentially catabolized to pyruvate via glycolysis. When glucose is in excess, pyruvate is converted to acetate and excreted from the cell. This extracellular pool of acetic acid results in a sharp decline in pH and, thus, growth-dependent acidification of the media. After glucose is depleted, however, the organism consumes the extracellular acetate, converting it to acetyl-coenzyme A (acetyl-CoA) and subsequently oxidizing it via the TCA cycle, and in combination with NH 3 production via amino acid catabolism, urease, and/or arginine deiminase activity, the medium is restored to a more neutral pH (78) . However, when staphylococci grow in media containing 35 mM glucose, the acetate is typically not oxidized until approximately 48 h of growth (50), allowing adequate exposure to an acidic pH of approximately 5.0 in the absence of glucose and presence of arginine. Under these conditions, survival of 1457 ⌬ADI was reduced ϳ4 log 10 by 120 h of growth in comparison to 1457, suggesting a specific function of ADI in organic acid resistance. It was also determined that both 1457 ⌬arcA1 and 1457 ⌬arcA2 did not have growth defects under these growth conditions, suggesting that each ADI copy is active in S. epidermidis 1457. These data are in contrast to those presented in S. aureus strain SH1000 (28) or USA300 (35) , where transcription of the native arc operon was induced only under anoxic growth conditions or was not detected, respectively. Collectively, our data suggest that as the pH of the extracellular media nears the pK a of acetic acid (4.76), the protonated form of acetic acid can permeate the cell membrane and dissociate, thus mediating intracellular acid stress and cell death. However, under these conditions, both the native ADI and acquired ADI can prevent intracellular pH stress through production of alkali via NH 3 .
We also confirmed through HPF staining and electron paramagnetic resonance analysis that organic acid stress mediated oxidative stress in the absence of ADI-dependent alkali (Fig. 5A and  B) . Although it is currently unclear how acetic acid functions to initiate reactive oxygen species (ROS) formation, previous studies have suggested that acid stress may decrease the function of the respiratory chain, generating promiscuous transfer of electrons to molecular oxygen (75) . Furthermore, excess superoxide radicals have the potential to liberate iron from iron-sulfur clusters, generating Fenton chemistry, subsequent hydroxyl radical formation, and damage to proteins, DNA, and lipids. Therefore, as predicted, quenching of free iron via dipyridyl (Fig. 6 ) was able to rescue viability of 1457 ⌬ADI partially during growth-dependent acidification experiments, suggesting that formation of hydroxyl radicals via oxidative stress is partially responsible for cell death in this assay.
Lastly, S. epidermidis primarily causes disease via formation of biofilm on abiotic surfaces. Previous investigators have shown upregulation of the arc operon during biofilm formation (58, 62, 79) compared to planktonic growth, suggesting that staphylococcal biofilms may undergo significant acid stress. Indeed, we propose that the growth-dependent acidification assay (Fig. 3A) may mimic microenvironment pH stress in a maturing biofilm; high rates of glycolytic activity within certain biofilm structures may yield high local concentrations of organic acid due to diffusion limitations within the interior of the biofilm (80) . Transcriptional profiling and Northern blot experiments ( Fig. 7A ; see also Table  S1 in the supplemental material) confirmed that both the native and acquired ADI operons were active as a biofilm matured; interestingly, however, the native ADI was active in early biofilm formation whereas the ACME-acquired ADI was induced as a biofilm matured from 24 to 72 h, suggesting differential transcriptional regulation between these two operons. Furthermore, ADI activity could be detected between 24 and 48 h of biofilm growth through depletion of arginine and the accumulation of ornithine, citrulline, and ammonia in the cell effluent (Fig. 7B) . As glucose was depleted from the effluent, byproducts of pyruvate catabolism, including lactate (ϳ15 mM), acetate (ϳ0.7 mM), and formate (ϳ1.1 mM), were detected in the medium (Fig. 7C) , reflecting the microaerobic and anaerobic environment and potential acidic stress in certain microniches. However, using a variety of biofilm growth environments, including flow cell and static conditions, we were unable to detect a significant, consistent difference between 1457 and 1457 ⌬ADI in the levels of biofilm mass. We reasoned, therefore, that the major beneficial effect of ADI during biofilm development is NH 4 ϩ production to compensate for acidic stress and protect against cellular death in particular niches of the biofilm. We therefore performed static biofilm assays and determined that levels of viability, ammonia, and pH were indeed reduced in 1457 ⌬ADI following 120 h of growth. Thus, the ADI pathway is beneficial for cell viability during S. epidermidis biofilm growth. We hypothesize that ammonia synthesis via the ADI pathway is important to reduce pH stress in specific microniches that contain high concentrations of organic acids. Subsequent oxidative stress within a biofilm most likely varies in a manner dependent on the growth environment and/or depth within the biofilm structure. Indeed, one reason why viability of 1457 ⌬ADI is less affected during biofilm growth than during aerobic growth may be the small amount of oxygen associated with biofilm environments. Nevertheless, recent studies found that genes which counteract oxidative stress, such as sodA, were upregulated in S. aureus and S. epidermidis biofilms; antioxidants were able to reduce oxidative stress-mediated mutability, supporting the idea of the presence of oxygen radicals within a biofilm (81) .
In conclusion, we have determined that the ADI pathway is crucial for resistance to acid stress in S. epidermidis 1457 and that each of the two copies of ADI was able to compensate for the loss of the other copy and facilitate acid resistance in our in vitro organic acid resistance assay and during biofilm growth. Based on the prevalence of the ACME island-encoded ADI in both S. aureus and S. epidermidis, the function of this operon must be highly advantageous and may be selectively induced under certain growth conditions such as colonization of the skin. We also found that ADI-dependent alkali protected the cell against pH-induced oxidative stress and that viability could be partially rescued with iron scavengers. Further work is required to ascertain the mechanisms underlying cell death during pH stress; however, our data suggest that oxidative stress is partially responsible. Lastly, a greater understanding of acid resistance mechanisms in S. epidermidis and S. aureus is required first to determine which infection niche(s) requires acid resistance and second to design novel treatment modalities to circumvent these highly conserved systems.
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